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Comparison of three methods to quantify urinary aquaporin-2 between the apical plasma membrane and subapical vesi-
protein. cles in the principal cells of the collecting duct [1, 2].
Background. Urinary excretion of aquaporin-2 (AQP2) is AQP2 is excreted in the urine and the excretion increasesmeasurable, and is regulated by renal vasopressin action in the
in response to vasopressin [3]. Vasopressin regulates wa-principal cells of the collecting duct. To date, two methods [radio-
ter excretion in the collecting duct by two distinct mecha-immunoassay (RIA) and quantitative immunoblot analysis (IB)]
have been used for quantitation of urinary AQP2 protein. nisms. The acute vasopressin-induced water reabsorption
However, the actual amount of urinary AQP2 measured has (short-term regulation) is dependent on the trafficking
not been directly compared by the RIA and IB. Recently, of AQP2 between intracellular vesicles and the apicalwe have established an enzyme-linked immunosorbent assay
plasma membrane [4, 5]. The long-term regulation of(ELISA) for quantitation of urinary AQP2. The purpose of
AQP2 involves a marked increase of the total abundanceour current study was to compare three different immunoassay
methods for measurement of urinary AQP2. of AQP2 [6]. The amount of AQP2 in the urine correlates
Methods. After overnight dehydration, five normal subjects with the plasma vasopressin levels [7], and the measure-
ingested an oral water load (20 mL/kg). Urine was collected ment of urinary AQP2 excretion has been studied inat 0, 1, 2, 3, and 4 hours after oral water loading. Urinary
several disorders of water balance in humans [3, 7–9].AQP2 protein was quantitated in each sample by using the
To detect urinary AQP2 protein, a radioimmunoassayRIA, IB, and ELISA, and the correlation coefficients were
compared among three different methods. (RIA) has been used for most of the studies thus far [3,
Results. Values of urinary AQP2 at 0, 1, 2, 3, and 4 hours 7, 10]. A quantitative immunoblot analysis (IB) also has
after oral water loading for RIA, IB, and ELISA were, respec- been established to measure urinary AQP2 [8, 11]. How-
tively (fmol/mg creatinine): 0 h: 266  28, 405  74, 294  41;
ever, the actual amount of urinary AQP2 measured has1 h: 159  59, 267  147, 195  95; 2 h: 48  17, 19  10, 38 
not been directly compared by the RIA and IB methods.18; 3 h: 79  18, 70  24, 80  15; 4 h: 147  21, 161  31,
136  15. All values were shown as means  SEM. There was The purpose of this study was to compare the RIA,
a significant positive correlation between: the IB and ELISA IB, and ELISA (enzyme-linked immunosorbent assay)
(r  0.91, P  0.0001); the IB and RIA (r  0.75, P  0.0001); for the measurement of urinary AQP2. Based on pre-
and the RIA and ELISA (r 0.67, P 0.0002). The correlation viously published methods for the quantitation of urinarybetween the IB and ELISA was therefore the best. Also, uri-
AQP2 protein, we have developed the assay proceduresnary AQP2 was positively correlated with urine osmolality
of the RIA and IB. We also have established an ELISAamong all three methods.
Conclusions. The results indicate that the newly developed for the measurement of urinary AQP2. Urinary AQP2
IB and ELISA methods are useful for measurement of urinary protein was quantitated in each sample collected at 0,
AQP2 and have an excellent correlation. 1, 2, 3, and 4 hours after oral water loading by using the
RIA, IB, and ELISA and the correlation coefficients
among three different methods were compared for the
It is well known that aquaporin-2 (AQP2) is the major estimation of the values.
vasopressin-regulated water channel that translocates
METHODS
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Five normal subjects who were three females and twoReceived for publication December 15, 2001
males, ranging from 26 to 47 years (33.2  3.7, mean and in revised form May 17, 2002
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Table 1. Urinary osmolality (UOsm) and urine volume in the acute water load test in five healthy subjects
0 h 1 h 2 h 3 h 4 h
UOsm mOsm/kg H2O 895.538.5 467.8129.8 86.38.0 322.099.2 551.564.8
Urine volume mL/min 0.680.15 1.720.70 8.943.14 3.000.88 1.210.19
and had normal blood pressures. The study was approved the manufacturer’s protocol for the Imject Immunogen
by the Human Subjects and General Clinical Research EDC conjugation kit (Pierce, Rockford, IL, USA). The
Center Committees at the University of Colorado Health AQP2 peptide conjugated BSA (BSA-AQP2; 10, 20, 30,
Sciences Center and performed after written informed 50, 75, 100, 150, and 200 ng per lane) and urine samples
consent by all volunteers. (2, 4, 6, 8, and 10 L) were resolved on a 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel and trans-
Study protocol ferred to a polyvinylidine difluoride (PVDF) membrane.
Coffee, tea, and alcohol were prohibited for 48 hours The membrane was incubated with a rabbit polyclonal
before and during the study. After an overnight dehydra- anti-human AQP2 antibody at 4C overnight. After wash-
tion, urine was collected and the study was started. Each ing, the membrane was incubated with anti-rabbit IgG
subject drank water (20 mL/kg) for 30 minutes, starting horseradish peroxidase antibody (Amersham, Piscata-
at 0900 (0 h). Urine was collected at 1000 (1 h), 1100 way, NJ, USA). The immunoreactive bands were visual-
(2 h), 1200 (3 h), and 1300 (4 h). Urine samples were ized by enhanced chemiluminescence (NEN Life Science).
centrifuged at 3000 rpm for 10 minutes at 4C to remove The bands of the BSA-AQP2 standards and the unglyco-
cellular debris and subjected to measurements of urine sylated form of AQP2 on the film were scanned and
volume, osmolality (UOsm), creatinine, and AQP2. The analyzed by using the NIH image software.
levels of urine volume and UOsm in the study are shown
in Table 1. Enzyme-linked immunosorbent assay
Fifty microliters of urine sample (twofold serial dilu-Radioimmunoassay
tion with PBS) were added to each well of a MaxiSorp
Urinary AQP2 was measured by the modification from 96-well microplate (Nunc, Rochester, NY, USA) fol-
the previous reports [7, 10] and performed by using the lowed by incubation at 4C overnight. For the standard
polyclonal antibody against a synthetic peptide corre- curve, the AQP2 synthetic peptide corresponding to
sponding to amino acids 257 to 271 of human AQP2 amino acids 257 to 271 of human AQP2 was prepared
(VELHSPQSLPRGTKA). The AQP2 peptide was ra- at concentrations of 25, 50, 75, 100, 200, 300, and 400
dioiodinated with 125I (NEN Life Science, Boston, MA, pg/50 L. Each well was washed with a washing buffer
USA) by the chloramine-T method. For the assay, 100 (PBS containing 0.1% Tween 20) and incubated with a
L of urine sample or AQP2 peptide as a standard blocking solution (PBS containing 3% BSA) at room
(7.8125, 15.625, 31.25, 62.5, 125, 250, 500, 1000, 2000, or
temperature for one hour. After removing the blocking
4000 pg), 100 L of assay buffer [phosphate-buffered
solution, 50 L of anti-AQP2 antibody solution con-saline (PBS) containing 0.5% bovine serum albumin
taining the blocking solution were added to each well(BSA) and 0.5% NP-40], and 100 L of anti-AQP2 anti-
and incubated at 37C for two hours. After washing fourbody were incubated for 30 minutes at room tempera-
times with the washing buffer, 50 L of anti-rabbit Im-ture. Then, 100 L of [125I] AQP2 peptide (10,000 cpm)
munoglobin G conjugated with horseradish peroxidasewere added and incubated for 30 minutes at room tem-
(Amersham) was added to each well and incubated atperature. After adding 100 L of normal rabbit serum
37C for one hour. After washing five times with the(ICN Pharmaceuticals Inc., Irvine, CA, USA) to each
washing buffer, 150 L of the substrate solution [2,2’-tube, the reaction mixture was incubated overnight at
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); Sigma]4C. The next day, 500 L of 10% polyethylene glycol
was added and the microplate was incubated at room8000 (Sigma, St. Louis, MO, USA) were added and incu-
temperature for 30 minutes in the dark. The reactionbated at room temperature for 30 minutes. After centri-
was stopped by adding 50 L of 1% SDS. Absorbancefuging at 3000 rpm for 30 minutes, the supernatant was
was measured with a microplate reader at 405 nm.removed and the radioactivity of the precipitates was
counted with a gamma counter.
Statistical analysis
Quantitative immunoblot analysis All values were compared with two-way analysis of
variance (ANOVA). Correlations between variablesTo quantitate the amount of urinary AQP2 in a gel,
were evaluated by the Pearson’s correlation test. P a synthetic peptide corresponding to amino acids 257 to
271 of human AQP2 was conjugated to BSA according to 0.05 was considered significant.
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Fig. 1. Characterization of the radioimmuno-
assay (RIA) for the measurement of urinary
aquaporin-2 (AQP2). (A ) Standard curve of
AQP2 RIA. The human AQP2 peptide was
serially diluted for making standard curve. (B )
Urine dilution curve. Urine samples were seri-
ally diluted with PBS.
Table 2. Variations of AQP2 RIA Quantitative immunoblot analysis
Mean SD To quantitate the amount of AQP2 protein in theCV
N %pmol/mL urine by immunoblot analysis, AQP2 peptide conjugated
to BSA was made for the standard curve and quantita-Intra-assay
Urine 1 12 11.3 0.8 7.4 tion. BSA-AQP2 for the standard curve and AQP2 in
Urine 2 12 3.3 0.3 8.1 the urine was detected in the same gel (Fig. 2A). TheUrine 3 12 14.7 0.9 6.2
band intensities of BSA-AQP2 were scanned by densi-Interassay
Urine 1 4 11.3 0.6 5.2 tometry, and the standard curve was constructed. The
Urine 2 4 3.3 0.2 5.5 linear range of 10 to 50 ng of BSA-AQP2 was used toUrine 3 4 14.7 0.5 3.4
quantitate the amount of the unglycosylated form of
AQP2 protein in the urine (Fig. 2B). The reproducibility
of the IB was determined by linear regression analysis.
RESULTS There was an excellent correlation (r  0.988, P 
0.0001).Radioimmunoassay
The RIA for urinary AQP2 measurement was re- Enzyme-linked immunosorbent assay
ported originally by Kanno et al [3]. The sensitivity and
The ELISA was developed by using the peroxidaseexactitude of this assay was improved by adding both
detection method. The C-terminal AQP2 peptide wasdetergent (NP-40) and BSA in the RIA buffer [10]. How-
used for making the standard curve and quantitation.ever, it takes seven days to complete the assay. To elimi-
The absorbance at 405 nm exhibited a linear relation fornate the longer incubation time for the RIA, 10% poly-
AQP2 peptide concentration of 0 to 400 pg (Fig. 3A).ethylene glycol was added to the RIA reaction mixture.
The minimal detection level was 5.6 fmol. In addition,A typical calibration curve is depicted in Figure 1A. The
to determine the optimal condition for the ELISA, weminimal detectable amount of newly developed RIA
used several detergents (SDS, Tween 20, NP-40 or Tritonwas 0.70 pmol. We found that there was no significant
X-100) to determine which treatment of the urine wasdifference between the values from the previous method
most suitable. The absorption of AQP2 protein to theand our modification method [7]. The addition of poly-
microplate was strongly enhanced by the addition of SDSethylene glycol, therefore, was used to precipitate the
but not Tween 20, NP-40 or Triton X-100 (data notimmunocomplex effectively and reduce the incubation
shown). The addition of a low concentration of SDS totime. The linearity of the RIA was confirmed by mea-
the urine significantly increased the detection of AQP2surement of urinary AQP2 concentrations in serial dilu-
protein in the ELISA (Fig. 3B). The relative urinarytion of a urine sample with different AQP2 concentra-
AQP2 value containing 0.01% SDS was threefold highertions (Fig. 1B).
than that of untreated urine.The variability of the RIA was estimated with different
The validity of values estimated by the ELISA wasurine samples. The intra- and interassay coefficients of
examined by using different urine samples. When urinevariation (CVs) were 6.2 to 8.1% (N  12) and 3.4 to
was serially diluted, distinct dilution curves were ob-5.5% (N  4), respectively (Table 2). Taken together,
served for each urine sample (Fig. 3C). This indicatesthese results indicate that the newly developed RIA is
useful for measurement of urinary AQP2 protein. that some factors that interfere with the binding between
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Fig. 2. Characterization of the immunoblot
(IB) analysis for the measurement of urinary
AQP2. (A ) Immunoblot of BSA-AQP2 and
urinary AQP2 proteins. The known amounts
of BSA-AQP2 (10, 20, 30, 50, 75, 100, 150,
and 200 pg) were used as a standard and were
immunoblotted with urine samples (2, 4, 6,
8, and 10 L). (B ) The band intensities at
different concentration of BSA-AQP2 were
quantitated by densitometry scanning and the
standard curve was obtained to quantitate the
amount of urinary AQP2.
Fig. 3. Characterization of the enzyme-linked immunosorbent assay (ELISA) for the measurement of urinary AQP2. (A ) Calibration curve. The
calibration curve for the assay of urinary AQP2 was obtained by using the AQP2 peptide at concentrations of 0 to 400 pg. (B ) Effects of SDS
on the absorption of urinary AQP2 to a 96-well microplate. Urine samples were treated with various concentrations of SDS from 0 to 0.5%. The
ELISA was performed as described in the Methods section. All values are shown as means  SEM (pg/mL). (C ) Urine dilution curve. Urine
samples were serially diluted with PBS.
the antigen and antibody are present in the urine. There- 0, 1, 2, 3, and 4 hours after oral water loading for RIA;
IB; ELISA were, respectively (fmol/mg creatinine): 0 h:fore, each urine sample is needed to determine the opti-
mal dilution for measurement of urinary AQP2. 266  28, 405  74, 294  41; 1 h: 159  59, 267  147,
195  95; 2 h: 48  17, 19  10, 38  18; 3 h: 79  18,The reproducibility of the ELISA was also excellent.
There was a strong correlation with r  0.969 and P  70  24, 80  15; 4 h: 147  21, 161  31, 136  15.
0.0001.
Correlation among the values of urinary AQP2
protein measured by three different methodsComparison of the values of urinary AQP2 obtained
from three different methods: RIA, IB, and ELISA The values of urinary AQP2 obtained from the RIA,
IB, and ELISA were evaluated by the Pearson’s correla-To compare the values of urinary AQP2 among the
RIA, IB, and ELISA methods, urine at 0, 1, 2, 3, and 4 tion test, and the correlation coefficients were compared
among three different methods. As shown in Figure 5,hours after oral water loading were collected, and urinary
AQP2 was quantitated in each sample by using three there was a significant positive correlation between the
IB and ELISA (r  0.91, P  0.0001), the IB and RIAdifferent methods (Fig. 4). The value of urinary AQP2
was dramatically decreased during acute water loading (r  0.75, P  0.0001), the RIA and ELISA (r  0.67,
P  0.0001). Thus, the correlation between the IB andwithin two hours, followed by the gradual increase at
two to three hours after acute water loading. Values at ELISA was the best.
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Fig. 4. Comparison of the (A ) RIA, (B ) IB, and (C ) ELISA methods for quantifying urinary AQP2. AQP2 was measured in the urine at 0, 1,
2, 3, and 4 hours after water oral loading. All values are shown as means  SEM (fmol/mg creatinine).
Fig. 5. Correlations between values of urinary AQP2 determined by the RIA, IB, and ELISA methods. Correlations between values were
evaluated by the Pearson’s correlation test. (A ) r  0.91, P  0.0001; (B ) r  0.75, P  0.0001; (C ) r  0.67, P  0.0002.
Correlation between urinary AQP2 protein and there was a significant correlation between urinary AQP2
urine osmolality and urine osmolality when oral water loading after over-
night dehydration was performed. It has been reportedAll urinary AQP2 values were used to examine the
that urinary AQP2 was positively correlated with urinerelationship between urinary AQP2 and UOsm. As shown
osmolality [10], whereas another report did not find thein Figure 6, a significant positive correlation was ob-
relationship between them [7]. Further investigation willserved among all three different methods (IB; r  0.81,
be required to solve the discrepancy.P  0.0001, RIA; r  0.73, P  0.0001, ELISA; r  0.78,
Prior to the present study the RIA and IB methodsP  0.0001).
were developed and used for measuring urinary AQP2
[3, 7, 8, 10, 11]. We have developed a new ELISA method
DISCUSSION for the detection of urinary AQP2. It has been reported
that the minimal detectable amount of urinary AQP2It has been demonstrated previously that urinary ex-
by the RIA was 0.86 pmol [7]. In the present studycretion of AQP2 had a positive correlation with plasma
we demonstrated that the minimal detectable level ofAVP levels, especially when the desmopressin (dDAVP)
urinary AQP2 by the modified RIA was 0.70 pmol. Ininfusion test was used in healthy subjects [3, 7, 12]. It also
contrast, according to Baumgarden et al, the minimal de-has been shown that oral water loading decreased urinary
tectable amount of urinary AQP2 by the IB was 7 fmol [11].AQP2 excretion in healthy subjects [3, 7], whereas ex-
In the present study our ELISA method detected as lowaggerated urinary excretion of AQP2 was present in
as 5.6 fmol of urinary AQP2. Thus, the minimal detect-patients with impaired water excretion associated with
AVP-related hyponatremia [13]. In the present study able level of the RIA is less sensitive than that of the
Umenishi et al: Quantitation of urinary AQP2 protein 2293
Fig. 6. Correlations between urinary AQP2 and urinary osmolality (UOsm). Correlations between values were evaluated by the Pearson’s correlation
test. (A ) r  0.73, P  0.0001; (B) r  0.81, P  0.0001; (C) r  0.77, P  0.0001.
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Therefore, the measurement of urinary AQP2 by the IB
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